This study presents a simple method to improve the bond performance of reinforced concrete (RC) beams with high-strength stirrups. Experiments are carried out under cyclic loads to investigate the bond behavior of RC beams with various steel ratios and yield strengths of the transverse reinforcement. Furthermore, an analytical approach that considers the bond strength of the longitudinal reinforcement is proposed to predict the member capacity. The experimental results show that specimens with the same transverse reinforcement ratio exhibit similar bond behavior, regardless of the yield strength of the transverse reinforcing bars. The results also confirm that confining the longitudinal steel bars using the proposed U-shaped unclosed reinforcement greatly improves the bond performance of RC beams. A comparison of the analytical and experimental results shows that the proposed model predicts the test results better than the existing formulas.
creating steel congestion. The spirals are especially effective for members of high-rise RC buildings where large flexural and shear capacities are required. A reduction in the amount of the transverse reinforcement, however, is often accompanied by a reduction in the bond strength of the flexural reinforcing bars. Figure 1 compares two beam specimens from the previous work 4 : In Specimen H1, a 1300 MPa class spiral was used, whereas Specimen S1 was reinforced with a larger number of normal-strength transverse reinforcing bars. As seen in Fig. 1 , Specimens S1 and H1 possessed an equivalent transverse reinforcement level in terms of r w f wy , where r w is the transverse reinforcement ratio and f wy is the yield strength of the transverse steel bar. Nevertheless, Specimen H1 exhibited greatly inferior ductility in comparison with Specimen S1. The deterioration of Specimen H1 was caused by bondsplitting failure along the flexural bars as shown by the crack pattern in Fig. 1 . A comparison between Specimens S1 and H1 indicates that the bond strength along the flexural bars depends on the steel ratio and arrangement of transverse reinforcement rather than on the strength.
Generally, the shear strength of RC beams is governed by the steel ratio and yield strength of the transverse reinforcement, along with the contribution of the concrete. Therefore, using high-strength transverse reinforcement is expected to not only reduce the amount of transverse steel bars used, but also satisfy the required shear strength of RC members. However, the bond capacity of RC members is known to be affected by the amount of transverse reinforcement, but is relatively insensitive to the yield strength of the transverse reinforcement. Hence, the use of high-strength reinforcement as a simple replacement for lower-strength reinforcement can lead to bond failure.
An effective way to prevent bond failure of RC members is to increase the amount of transverse reinforcement. In general, this is achieved by reducing the spacing of the transverse reinforcement or applying cross-ties to confine the inner longitudinal reinforcement. However, such methods can lead to overcrowded reinforcement and less construction efficiency. Therefore, in this study, a U-shaped unclosed reinforcement is proposed to enhance the bond strength of the RC beams with high-strength transverse reinforcement. Furthermore, the applicability of the proposed method is verified by experimentally evaluating the bond strength of RC beams subjected to cyclic loading.
Introduction
The need to enhance the strength of reinforcing bars, the main component of reinforced concrete (RC) structures, has steadily increased owing to shortages of raw materials and rising costs. 1 Furthermore, in the case of RC structures heavily affected by lateral load, the closely spaced transverse reinforcement can lead to problems such as reduced construction efficiency and higher economic costs. To resolve these problems, research has been carried out on the application of high-strength reinforcement. 2, 3 However, studies on high-strength transverse reinforcing bars are scarcer than those on high-strength flexural reinforcement. In particular, research on the effect of the high-strength transverse reinforcement on the bond performance of RC beams is extremely rare.
Ultra high-strength spirals provide large shear capacity to RC members without 2 ) deformed bars were used in the specimens. All the reinforcing bars used were hot-rolled deformed bars. The stress versus strain relationships of the reinforcement are shown in Fig. 2 . To prevent the flexural failure of the specimens, the D19 steel bar with yield strength of 980 MPa was used for the longitudinal reinforcement. For the transverse reinforcement, D10-and D6-deformed bars with yield strengths of 357 MPa and 1290 MPa, respectively, were used in this study.
Specimens
To estimate the shear and bond performance of the specimens with highstrength transverse reinforcement, a total of four specimens with various yield strengths and steel ratios of the transverse reinforcement were designed, as shown in Table 1 . Each specimen had a 400 × 400 mm crosssection, a test region of 1200 mm span, and stubs of 800 mm long at both ends, as illustrated in Fig. 3 . Each specimen was reinforced with six D19 steel bars for tension and compression reinforcement, respectively. Specimens SP1 and SP2 were reinforced with transverse steel bars spaced at 75 mm to confine only the outer longitudinal reinforcement, as shown in Fig. 3 . To investigate the bond behavior of RC beams according to the yield strength and the amount of transverse reinforcement, D10 (357 MPa) and D6 (1290 MPa) steel bars were applied with the reinforcement ratios of 0,48% and 0,21%, respectively. As seen in Fig. 3 , Specimens SP1 and SP3 had hoops with normal-strength reinforcement, whereas Specimens SP2 and SP4 had spirals with high-strength reinforcement.
Specimen SP3, as shown in Fig. 3c , was designed to have the same spacing and the same type of the transverse reinforcement as those used in Specimen SP1, but with inner transverse reinforcement to confine the inner longitudinal steel bars. Specimen SP4, illustrated in Fig. 3d , had the same conditions as SP2, except having the proposed U-shaped unclosed reinforcement to confine the inner longitudinal steel bars. D10 steel bar was used for the proposed U-shaped unclosed reinforcement. The details of the U-shaped reinforcement are shown in Fig. 3d .
Test Setup and Instrumentation
As shown in Fig. 4 , the loading system was designed to subject anti-symmetrical bending moment to the test region of the specimens. One stub of the specimen was fastened to the reaction wall, and an actuator was then installed on the other stub of the specimen via a loading frame. The specimens were subjected to reversed cyclic loading, as shown in Fig. 5 , until the drift angle of the specimen reached ±5%.
To check the occurrence of flexural failure of specimens and to estimate the stress and the strain of the inner and outer longitudinal reinforcement, strain gauges were attached to these bars, as illustrated in Fig. 3 . Strain gauges were also installed at the mid-height of the transverse reinforcement to obtain the strain profiles. To measure the deformation of the specimens, linear variable differential transformers (LVDTs) were installed at both stubs of the specimen, as shown in Fig. 4 .
Experimental Results and Discussion
General Behavior and Failure Modes Figure 6 shows the shear force versus the drift angle relationships of the tested specimens. The failure modes and shear strengths of the four specimens are compared in Table 2 . As seen in Fig. 7 , all specimens reached their maximum strength when bondsplitting cracks developed along the longitudinal steel bars.
For Specimens SP1 and SP2, which had the same spacing of the transverse reinforcement, similar crack patterns were observed, as shown in Fig.  7 . However, SP1 (r w = 0,48%) with normal-strength stirrups exhibited about 25% more strength than SP2 (r w = 0,21%) with high-strength transverse steel bars. This indicates that the steel ratio of the transverse reinforcement, rather than the yield strength of the transverse steel bars, governs the structural capacity of the RC beams failed in bond along with the longitudinal reinforcement.
SP3 that contained twice the amount of the transverse reinforcement than SP1 showed a failure mode similar to that of SP1, but exhibited a greater number of bond cracks and even developed shear cracks in the web of the specimen. The shear force and the drift angle relationships seen in Fig. 6 indicate that SP3 with inner longitudinal steel bars confined by the transverse reinforcement had about 45% higher strength than SP1.
SP4 exhibited a failure mode, caused by bond cracking along the longitudinal reinforcement, similar to that of SP2, but had more shear cracks, as shown in Fig. 7 . Furthermore, Fig. 6 and Table 2 indicate that confining the longitudinal steel bars with the proposed U-shaped unclosed reinforcement results in about 50% increase in the member strength of SP4 as compared to that of SP2.
As seen in Tables 1 and 2, SP3 (r w f wy = 3,39 MPa) showed a 23% higher member strength than SP4 (r w f wy = 2,71 MPa) owing to the higher amount of the transverse reinforcement, r w f wy . However, it is noted that the bond strength of SP4 was as high as that of SP3, as explained in detail in the Bond Stress of Longitudinal Reinforcement section. This test result demonstrates that the proposed U-shaped unclosed reinforcement can provide an effective confinement for bond similar to the existing closed transverse reinforcement used in SP3.
Strain Distribution of Longitudinal Reinforcement
The strain distributions measured by the strain gauges attached to the inner and outer longitudinal steel bars of the specimens are illustrated in Fig. 8 . It can be seen that the strain of the longitudinal reinforcement did not reach the yield strain. Figure 8 also shows that, in all specimens, the strain of the longitudinal reinforcement at the tension end of the test region is similar to that of the longitudinal steel bars at a distance equal to the effective depth of the specimen from the end of the test region. This phenomenon indicates the occurrence of tension shift, causing the bond stress transfer zone within the test region to become shorter. Furthermore, in all specimens, the strains and strain gradients of the outer longitudinal reinforcement were greater than those of the inner longitudinal steel bars.
A comparison between SP1 and SP2 indicates that SP1 (r w = 0,48%) confined by the normal-strength transverse reinforcement of D10 had a greater strain gradient than SP2 (r w = 0,21%) confined by the high-strength stirrups of D6, as seen in Fig. 8 . This means that the confinement of the longitudinal bars is affected more predominantly by the steel ratio than by the yield strength of the transverse reinforcement.
In the case of SP3, the strain gradient of the outer longitudinal bars was similar to that of SP1, as indicated in Fig. 8 . In the inner longitudinal bars, however, the strain gradient at the center of the specimen became larger than that of SP1 due to a significant increase in strain at the tension end of the specimen. This demonstrates that the confinement of the longitudinal reinforcement is the main factor affecting the bond performance of the longitudinal steel bars.
As seen in Fig. 8 , the strain of the inner longitudinal bars at the tension end of SP4, of which the inner longitudinal reinforcement were confined by the proposed U-shaped unclosed reinforcement, increased considerably similar to that of SP3. This caused the strain gradient at the center of SP4 to become greater than that of SP2. This experimental observation indicates that the proposed U-shaped transverse reinforcement can efficiently confine the longitudinal reinforcement. Drift angle (%) +1,0%
+5,0% 
Fig. 8: Strain distributions of inner and outer longitudinal reinforcement. (a) SP1 (inner); (b) SP1 (outer); (c) SP2 (inner); (d) SP2 (outer); (e) SP3 (inner); (f) SP3 (outer); (g) SP4 (inner); (h) SP4 (inner)

Strain Distribution of Transverse Reinforcement
The experimentally measured strain distributions of the transverse reinforcement are illustrated in Fig. 9 . This figure shows that the local stirrup yielding of SP1 occurred because external load was partially concentrated on the transverse reinforcement after the bond degradation of the longitudinal reinforcement. This phenomenon is discussed in grea ter detail in Proposed Formula to Predict Member Capacity Consider ing Bond Strength of Longitudinal Reinforcement section, in which member strengths are calculated by considering the bond strength of the longitudinal reinforcement.
As seen in Table 1 and Fig. 9 , SP2 (r w f wy = 2,71 MPa) with a higher amount of the transverse reinforcement than SP1 (r w f wy = 1,71 MPa) had the strain of transverse reinforcement less than 0,0035. Furthermore, SP3 (r w f wy = 3,39 MPa), which had twice the amount of the transverse reinforcement than SP1 (r w f wy = 1,71 MPa), showed the strain of transverse reinforcing bars within about 0,002. On the other hand, SP4 with the same outer transverse reinforcement as SP2 had a higher strain of the outer transverse reinforcement than that of SP2 because SP4 with the proposed U-shaped unclosed reinforcement carried an additional external force by effectively controlling the bond cracks.
As shown in Fig. 9 , the strain of the inner transverse reinforcement of SP3 with confined inner longitudinal reinforcement was found to be similar to the strain of the outer transverse reinforcement. This observed result means that both the inner and outer transverse reinforcement resisted the applied shear force. In contrast, the strain of SP4 was greater in the outer reinforcement than in the inner (a) (b)
Fig. 9: Strain distributions of transverse reinforcement. (a) SP1; (b) SP2; (c) SP3 (inner); (d) SP3 (outer); (e) SP4 (inner); (d) SP4 (outer)
x694.indd 6 x694.indd 6 09/06/14 10:54 AM 09/06/14 10:54 AM fact that the amount of transverse reinforcement, r w f wy , of SP2 is about 60% greater than that of SP1, it can be seen that the yield strength of the transverse reinforcement has little impact on the improvement of the bond strength of the longitudinal reinforcement.
The bond strengths of the longitudinal reinforcement of SP3 and SP4, which had the inner reinforcement, were much higher than those of SP1 and SP2, which had no inner transverse reinforcement. It can be seen from this experimental result that the bond strength of the longitudinal reinforcement is greatly affected by the confinement of the longitudinal steel of the inner and the outer longitudinal reinforcements in Fig. 10 and Table 2 were obtained from the values measured by strain gauges attached to the inner and the outer longitudinal steel bars, respectively.
As can be seen in Fig. 10 , the inner longitudinal reinforcement reached the maximum bond stress prior to the outer one in all specimens except SP3, in which both inner and outer longitudinal steel bars were confined. The lower bond capacity of the inner longitudinal reinforcement is attributed to the following two reasons: (a) the confinement effect of the transverse reinforcement for the inner longitudinal steel bars is weaker than that of the outer longitudinal reinforcement and (b) their structure is more vulnerable to bond cracking because of the ring tension zones [5] [6] [7] overlapping in the inner part of the cross-section of the specimen, as seen in Fig. 11 .
As shown in Fig. 10 and Table 2 , the maximum bond stress of the longitudinal reinforcement of SP2 improved only by an average of 7,5% compared to that of SP1. Considering the reinforcement, as shown in Fig. 9 . This is attributed to the fact that outer reinforcement resisted both bond and shear, whereas the U-shaped reinforcement resisted only bond. Figure 10 shows the experimentally measured average bond stress of the longitudinal reinforcement versus the drift angle relationships in region A of the specimens. Based on the concept of the average bond stress, the bond stress of the longitudinal reinforcement in the test region can be calculated using the followin g equation:
Bond Stress of Longitudinal Reinforcement
where e 1 and e 2 are the strains of the longitudinal reinforcement at both ends of region A; E s is the elastic modulus of the reinforcing bar (in MPa); A st is the area of the longitudinal bar; Σj is the sum of the nominal perimeters of the longitudinal reinforcement (in mm); and l d is the bond length of the longitudinal bar. The bond strengths bars. However, no significant difference in bond strengths was observed between SP3 and SP4. Hence, it can be concluded that the confinement of the longitudinal reinforcement is an important factor in enhancing the bond strength of RC beams, but the type of confinement (if hoops or U-shaped bars) of the transverse reinforcement is not an important factor.
As shown in Fig. 11 , the ring tension effect [5] [6] [7] of the longitudinal reinforcement extends from the surface of the steel bar to a distance equal to its diameter; the splitting cracks occur in the overlapping zones of the ring tension effect. The experimental results from this study confirm that applying the proposed U-shaped reinforcement to the inner longitudinal steel bars for controlling the splitting cracks produced by overlapping the ring tension zones can effectively enhance the bond strength of the RC beams. Therefore, it is expected that using the proposed U-shaped unclosed reinforcement to confine the inner longitudinal reinforcement while designing the high-strength outer reinforcement to resist the shear force would be highly effective in improving the shear and bond performance of the RC beams, and in enhancing the construction efficiency.
Prediction of Structural Capacity of RC Beams
In this section, the member strengths of the specimens tested in this study are predicted using the existing and the proposed formulas. To validate the applicability of the proposed formula, the existing formulas 8-10 were adopted. These existing formulas provide only the bond strength of the longitudinal reinforcement, whereas the proposed formula can predict the member strength by considering the bond performance of the longitudinal reinforcement.
Existing Formulas
Fujii and Morita's Formula
To predict the bond strength of the longitudinal reinforcement, Fujii and Morita 8 proposed the following equations that consider the contribution of the concrete and the reinforcement for bond:
where t co and t st are the bond strengths of the concrete and transverse reinforcement, respectively; f c ' is the compressive strength of the concrete; A tr is the area of the transverse reinforcement; s is the center-to-center spacing of the transverse reinforcement; n is the number of the longitudinal reinforcements; d b is the diameter of the longitudinal reinforcing bar; k is a factor selected from among 0 (for
(for b i = b ci ), and 1 (for b i = b si ); and b i is the smallest of the values obtained from the following equations:
where C min is the minimum clear cover (smaller of C s and C b ); C s is the clear side cover from the concrete surface to the longitudinal reinforcement; C b is the clear bottom cover from the concrete surface to the longitudinal steel bar; and b is the beam width. For all steel bars other than the top reinforcement, the bond strength obtained from Eq. (2) is multiplied by 1,22.
Maeda's Formula
The equations for bond strength proposed by Maeda 9 take into account the contributions of the concrete and the transverse reinforcement, as follows:
t st = (0,11 + 0,096
where n t is the number of legs of a transverse reinforcement; r w is the transverse reinforcement ratio that should not exceed 0,012; and j t is the center-to-center distance between the tension and compression reinforcement. The bond strength of the top bars can be calculated by multiplying Eq. (8) by the following value:
ACI 318-11 Formula ACI 318-11 10 proposes the following equation to calculate the development length of steel bars: (13) where f ly is the yield strength of the steel bars; Y t , Y e , and Y s are modification factors for the reinforcement location, epoxy-coated reinforcement, and bar size, respectively; l is the modification factor for lightweight aggregate concrete; and c b is the smaller of (1) the distance from the center of a steel bar to the nearest concrete surface and (2) one-half the center-to-center spacing of developed bars. The confinement term (c b + K tr )/d b ≤ 2,5, and K tr is defined as follows:
The equation for the bond strength of the longitudinal reinforcement can be derived from Eq. (13) using the rela-
Proposed Formula to Predict Member Capacity Considering the Bond Strength of Longitudinal Reinforcement
This section deals with the calculation of member strength using an arch action and a truss mechanism based on the bond action of the longitudinal reinforcing bars, as shown in Fig. 12 .
The shear transfer by the truss mechanism is based on the equilibrium of the compressive stress of the concrete strut, the tensile stress of the transverse reinforcement, and the bond stress of the longitudinal reinforcement. [11] [12] [13] The equilibrium condition 11 is illustrated in detail in Fig. 12a . The length d in Fig. 12a implies the tension shift zone of the specimen. If any one of these three components reaches a limit state, the so-called "shear failure" occurs. Therefore, the shear strength of the RC beams can be predicted by calculating the capacity of each component.
In the truss mechanism, a vertical component is provided by the transverse reinforcement. Hence, the shear capacity of the truss mechanism as determined by the yielding of the transverse reinforcement can be obtained as follows:
where f is the angle between the member axis and the diagonal concrete strut in the truss mechanism.
The compressive stress of the concrete strut, f t , can be calculated using the following equation based on Fig. 12a :
where v is a softening coefficient 14 and v f c ' is the effective compressive strength of the concrete. Thus, assuming that the concrete strut has reached its effective compressive strength (f t = v f c ' ), the shear capacity supported by the concrete strut in the truss mechanism can be derived using Eq. (17) as follows:
Assuming that the bond stress of the longitudinal reinforcement has reached a limit state, the shear strength of the truss mechanism determined by the bond of the longitudinal steel bars can be calculated as follows:
where t bu is the bond strength of the longitudinal reinforcement.
When the compressive stress of the concrete strut in the truss mechanism is not higher than the effective compressive strength, that is, f t ≤ v f c ' , the arch mechanism resists the part of the shear force. The shear force supported by the arch mechanism, 11 as shown in Fig. 12b , can be calculated as follows:
where f a is the compressive stress of the concrete strut in the arch mechanism, derived as f a = v f c ´ -f t ; D is the beam depth; and q is the angle between the member axis and the concrete strut in the arch mechanism.
The angle of the truss mechanism, f, formed by the concrete strut and the axis of the concrete member can be derived as follows: (22) where cot f is restricted to 1 ≤ cot f ≤ 2. The minimum value of the angle thus defined (cot f = 2) is based on the study in Ref. [15] . The maximum value of the angle (cot f = 1) occurs when the transverse reinforcement amount (r w f wy ) exceeds 0,5v f c ' . This means that the angle f remains 45 degrees without yielding of the transverse reinforcement and the concrete strut fails in compression.
The shear force transferred by the truss and the arch mechanisms is determined based on which of the three elements of the truss mechanism is the first to reach the maximum strength. This principle can be expressed as follows:
In Table 3 , a comparison is shown between the experimental and the analytical results obtained from using the existing and the proposed formulas for the member strength of specimens tested in this study. In the proposed formula, the bond strength of the longitudinal reinforcement, t bu , in Eq. (20) was calculated using the Fujii and Morita equation. As can be seen in Table 3 , the bond strength calculated from the equations proposed by Fujii and Morita, Maeda, and ACI 318-11 either underestimated or overestimated the real bond strength of the specimens. The variations between computed and measured values can be attributed to the fact that the existing equations, which are based on the experimental results, cannot reasonably estimate the contributions of the concrete strut, longitudinal steel bar, and transverse reinforcement on the bond strength of the specimens having no confined inner reinforcement or high-strength transverse steel bars. By contrast, the proposed analytical method, which considers the contributions of the longitudinal steel bar, transverse reinforcement, and concrete strut to the shear strength, provides improved prediction results compared to the existing equations, as seen in Table 3 .
Conclusions
Based on the experimental study conducted in this research, the following conclusions are made:
1) It can be seen from experimental results that the bond strength of RC beams is mainly governed by not only the amount of transverse reinforcement (r w f wy ), but also the confi nement of the longitudinal reinforcement.
2) The experimental results indicate that the proposed U-shaped unclosed reinforcement improves the bond performance of the specimens by effectively confi ning the inner longitudinal steel bars. However, further research should be conducted on the structural performance of RC members with U-shaped reinforcing bars to verify the bond performance of the proposed U-shaped reinforcement. 3) A comparison between the experimental and theoretical results obtained using the proposed analytical method considering the bond strength of the longitudinal reinforcement shows reasonable agreement as compared with the analytical results of the existing equations. 
